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Abstract Analyses are presented of long-term hydrographs
perturbed by variable pumping/injection events in a confined
aquifer at a municipal water-supply well field in the Region of
Waterloo, Ontario (Canada). Such records are typically not
considered for aquifer test analysis. Here, the water-level var-
iations are fingerprinted to pumping/injection rate changes
using the Theis model implemented in the WELLS code
coupled with PEST. Analyses of these records yield a set of
transmissivity (T) and storativity (S) estimates between each
monitoring and production borehole. These individual esti-
mates are found to poorly predict water-level variations at
nearby monitoring boreholes not used in the calibration effort.
On the other hand, the geometric means of the individual T
and S estimates are similar to those obtained from previous
pumping tests conducted at the same site and adequately pre-
dict water-level variations in other boreholes. The analyses
reveal that long-term municipal water-level records are ame-
nable to analyses using a simple analytical solution to estimate
aquifer parameters. However, uniform parameters estimated
with analytical solutions should be considered as first rough
estimates. More accurate hydraulic parameters should be ob-
tained by calibrating a three-dimensional numerical model
that rigorously captures the complexities of the site with these
data.
Keywords Aquifer properties . Long-termwater-level
records . Analytical solution . Groundwater management .
Canada
Introduction
Planning for the optimized use of groundwater resources is of
paramount importance to water managers worldwide in the
face of increased demands on groundwater resources, the pro-
tection of groundwater resources from contamination, and the
increasing energy costs of community water systems. The
optimized design and management of groundwater-based wa-
ter systems requires the accurate estimation of transmissivity
(T) and storativity (S), which are two important hydraulic pa-
rameters in predicting groundwater flow. Traditionally, the
estimation of T and S is performed through the analysis of
pumping tests, in which drawdown data are analyzed using
analytical or numerical models. The Theis (1935) solution is
the first analytical model developed for transient analysis of a
pumping test in a confined aquifer, but numerous type curve
solutions have since been developed over the next few de-
cades for different aquifer types and boundary conditions
(e.g., Hantush and Jacob 1955; Neuman 1974; Moench
1997; Mathias and Butler 2006; Mishra and Neuman 2011).
The application of these analytical models is sometimes re-
stricted in complex hydrogeological conditions, where some
features that significantly affect groundwater flows are not
considered (e.g., Mansour et al. 2011). Although the use of
analytical models may lead to good matches between ob-
served drawdowns and type curves, the estimated hydraulic
properties may be scenario-dependent—for example, Wu
et al. (2005) demonstrated that the conventional analysis of
aquifer tests yields biased T estimates that evolved with time
and depended on the location of monitoring boreholes, and the
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estimated S is mainly affected by the geology (i.e., heteroge-
neity) between the water-supply and monitoring boreholes.
Another important issue is that planning and conducting
these tests within a municipal well field can be expensive,
time-consuming, and impractical. For example, it is logis-
tically infeasible to cease pumping/injection at a municipal
well field to conduct a dedicated pumping test, considering
that municipal water supply cannot be interrupted, and
pressure influences induced by neighboring water-supply
boreholes can affect results in uncertain ways (Harp and
Vesselinov 2011).
Yeh and Lee (2007) suggested that existing long-term
pumping/injection events and water-level records within a
municipal well field could be used for the estimation of hy-
draulic parameters. In particular, existing hydrographs that
have been affected by various water-supply and injection
boreholes at different pumping/injection rates over an extend-
ed period can be readily obtained from contaminant monitor-
ing or municipal water-supply well sites.
Such pumping/injection events and hydrographs have not
been analyzed, except by Harp and Vesselinov (2011). In par-
ticular, they analyzed individual hydrographs by simulating
drawdowns in monitoring boreholes by decomposing
pumping rate variations from water-supply boreholes. In do-
ing so, information about large-scale aquifer structures (i.e.,
heterogeneity) that inhibit or promote pressure propagation
were identified. Also, a minimally parameterized analytical
model (Theis 1935) was utilized in their research to estimate
the T and S between each water-supply and monitoring bore-
hole. However, the use of simple analytical solutions yields
zero resolution on aquifer heterogeneity, but it is computation-
ally efficient and able to provide fundamental insights into
aquifer pressure responses (Harp and Vesselinov 2011). As
concluded by Harp and Vesselinov (2011), analyses of
existing hydrographs provided several significant advantages
in characterizing aquifer properties compared with datasets
generated through dedicated pumping tests. In particular, such
records provide a large number of observations over time,
which helps to minimize the effect of measurement errors.
Also, long-term pumping of multiple water-supply boreholes
stress aquifers more intensively, which provides the essential
conditions to propagate pressure responses at a larger distance
than typical pumping tests, rendering the analysis of draw-
down records possible. Furthermore, estimated parameters
represent aquifer properties during existing pumping/
injection events and are helpful in predicting groundwater
flow when planning and operating water-supply well fields.
Harp and Vesselinov (2011) proposed a new approach for
long-term hydrograph analysis, and they applied this approach
to identify pumping influences of individual water-supply
boreholes in water-level variations observed at monitoring
boreholes using an approximately 5-year record from a field
site in New Mexico, USA. Although several sets of T and S
were obtained, those parameters were not validated in their
study.
This paper presents an analysis of complex long-term wa-
ter-supply pumping/injection events and water-level records
from the Mannheim East Well Field located in the Region of
Waterloo, Ontario, Canada, utilizing the approach developed
by Harp and Vesselinov (2011). The feasibility of this new
approach is tested using a large number of water-supply bore-
holes and with more complex pumping and injection se-
quences (only pumping was considered by Harp and
Vesselinov (2011)). The estimated parameters are also com-
pared to those derived by other means and are used to predict
water-level variations at nearby locations.
The primary purpose of this work is to show that these
long-term pumping/injection events and water-level variation
records are amenable to this type of analysis. Such a study is
necessary before applying these data to characterize aquifers
in greater detail using a more sophisticated numerical inverse
model. Moreover, the results obtained from this study could
also be used to guide the development and calibration of a
more sophisticated groundwater flow and transport model at
the site.
Site description
The Region of Waterloo (Region), located approximately
100 km west of Toronto in southeast Ontario, is the largest
municipal user of groundwater (~80% of total water supply) in
Canada. There are more than 40 well fields with more than
100 water-supply boreholes operating within the Region. In
order to manage the pumping/injection rates of water-supply
boreholes and to make sure that they are within the capacity of
the pumped aquifer, a monitoring network has been installed
in each well field. Other than quantifying water demand and
usage, data collected from these monitoring networks are also
used to improve the hydraulic characterization of regional
groundwater flow models (Golder Associates 2011).
Description of municipal well fields
The analysis presented in this paper focuses on the Mannheim
East Well Field located in the southwest area of the city of
Kitchener, Ontario, Canada. Currently, a total of 13 water-
supply boreholes operate within this well field, and the distri-
bution of these boreholes as well as 14 monitoring boreholes
considered in this study are shown in Fig. 1c and are listed in
Table 1. Figure 1a shows how the location of the Region
relates to Canada and the US, and Fig. 1b indicates the study
area within the Region. The Mannheim East Well Field is
subdivided into three smaller well sites, which are identified
as Mannheim East, Peaking, and Aquifer Storage and
Recovery (ASR). According to Golder Associates (2011),
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Mannheim East is the first well site that has been constructed
in the eastern portion of the study area, and water-supply
boreholes (K21, K25, and K29) at this site are used continu-
ously to maintain groundwater supply with relatively constant
pumping rates. Water-supply boreholes (K91, K92, K93, and
K94) installed at the Peaking site located in the northwest
portion of the study site are used seasonally during periods
of high municipal water demand.
The ASRwell site constructed in the southwest of the study
area is the newest. This well site is designed to inject and store
treated water from the Grand River during low water demand
periods, and the stored water is extracted during high demand
periods. Compared with the other two well sites, the ASRwell
system includes a great number of water-supply boreholes
along with a more complex pumping/injection regime. In
particular, the water-supply boreholes RCW1 and RCW2
are only used for pumping, while boreholes ASR1 through
ASR4 are used for both injection and pumping. In order to
maintain an adequate water supply when there is a signif-
icant drawdown of water level at the pumped borehole, all
of these water-supply boreholes are screened at the bottom
of the aquifer at an elevation range of approximately 315–
325 masl.
Fourteen monitoring boreholes selected and analyzed in
this study (ow2-09, ow1-10, ow3-85, ow5a-89, ow8a-89,
ow10a-89, ow1d-96, ow2b-96, ow1a-02, ow2a-02, ow3a-
02, ow5-02, ow1-08, and ow4-09) are concentrated within
the production areas, as shown in Fig. 1c. These 14
Fig. 1 The location of study area
as well as the distribution of
boreholes utilized in this study. a
The location of the Region of
Waterloo in relation to Canada
and the US, b the location of the
Mannheim East Well Field within
the Region of Waterloo, c the
distribution of water-supply and
monitoring boreholes in the study
area
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monitoring boreholes are screened within the same elevation
range as the water-supply boreholes, and pressure transducers
are placed in all of these boreholes to automatically collect
water-level data. The distance between each water-supply
and monitoring borehole ranges from several meters to more
than 1 km, and these values are summarized in Table 2 based
on the spatial coordinates of boreholes obtained from the
Water Resources Analysis System (WRAS+) database
(Regional Municipality of Waterloo 2014).
Local geology and hydrogeology
The Mannheim East Well Field is located within the core
area of the Waterloo Moraine, which is classified as a kame
moraine and formed by numerous advances and retreats of
ice lobes during the Wisconsinian glaciation stage (Martin
and Frind 1998). These repeating glacial events resulted in
a complex depositional pattern within the moraine, where
outwash sands and gravels are separated by silt and clay-
rich tills.
Based on the geological investigation of the Waterloo
Moraine by Karrow (1993), four major glacial tills considered
to be aquitards, have been identified throughout the moraine
(from youngest to oldest, they are Tavistock/Port Stanley Till,
Maryhill Till, Catfish Creek Till, and Pre-Catfish Creek).
Coarse grain deposits are found above, in-between, and below
Maryhill Till and Catfish Creek Till. These deposits form ma-
jor aquifers (aquifers 1, 2, and 3 from the youngest to the
oldest in age) within the moraine.
The multiple-aquifer/aquitard system has been modeled
(Terraqua Investigations 1995; Martin and Frind 1998) in or-
der to better simulate groundwater flow within the moraine
and improve groundwater management. Most recently, a
three-dimensional (3D) mapping of surficial deposits of the
Waterloo Moraine has been undertaken by Bajc and Shirota
(2007) which resulted in a 3D geological model. This model,
involving a finer description of stratification, provided a more
detailed conceptual hydrogeological model.
In this paper, a simple 3D hydrogeological model of the
study area is built based on existing borehole logs, and two
cross-sectional maps are shown in Fig. 2 (see locations of A–
Table 1 List of water-supply and water-level monitoring boreholes at
each subdivided well site
Borehole type Subdivided well sites
Mannheim East Peaking ASR


















K21 K25 K29 K91 K92 K93 K94 ASR1 ASR2 ASR3 ASR4 RCW1 RCW2
ow2-09 842.98 6.93 24.36 1,165.32 1,141.68 1,469.92 1,404.16 877.85 994.99 1,065.32 1,000.92 724.21 609.32
ow1-10 19.03 855.33 882.51 943.26 897.61 920.38 803.88 1,104.24 1,038.89 1,226.74 1,354.25 1,053.68 830.29
ow3-85 573.17 957.41 984.36 373.10 327.22 509.81 454.17 675.55 533.96 737.72 936.66 703.43 530.96
ow5a-89 939.99 1,162.27 1,185.54 5.87 40.90 492.27 532.01 539.03 326.64 503.70 761.54 648.47 588.18
ow8a-89 1,037.77 1,418.76 1,443.74 297.95 298.90 264.82 363.80 831.25 615.36 769.96 1,038.24 945.25 873.77
ow10a-89 936.40 1,468.98 1,495.94 493.36 472.36 5.83 135.28 1,021.28 814.54 991.89 1,251.22 1,110.40 993.90
ow1d-96 1,108.77 887.90 901.47 543.01 557.11 1,030.56 1,046.99 11.84 221.73 180.79 250.93 168.15 323.84
ow2b-96 1,051.04 731.25 743.17 650.67 654.79 1,116.01 1,114.72 161.78 353.22 345.41 308.64 7.12 230.90
ow1a-02 1,041.67 998.35 1,016.53 329.03 348.23 822.40 849.48 213.03 7.08 197.21 432.45 350.06 388.75
ow2a-02 1,091.37 728.33 738.32 701.96 707.15 1,169.67 1,168.87 194.98 398.87 368.45 287.63 59.64 271.96
ow3a-02 1,214.60 1,059.12 1,073.17 498.33 525.65 993.65 1,031.16 179.28 199.69 8.54 270.05 339.88 478.21
ow5-02 876.54 605.30 621.96 627.28 618.47 1,046.95 1,026.31 287.08 395.93 469.67 487.07 172.44 62.85
ow1-08 1,369.05 1,033.94 1,041.27 763.46 787.12 1,259.32 1,289.96 280.23 446.77 270.81 29.17 342.41 558.86
ow4-09 808.94 612.63 631.97 581.10 567.84 982.57 957.31 319.30 384.77 490.64 543.12 234.99 13.21
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A′ and B–B′ in Fig. 1c). This model only considers the upper
portion of the Waterloo Moraine, where the investigated aqui-
fer (AFB2) is located.
The nomenclature of Ontario Geological Survey (OGS) is
adopted here for layer identification following the work com-
pleted by Bajc and Shirota (2007). In this naming convention,
an aquitard is identified with AT followed by a letter and
number (e.g., ATB1), whereas an aquifer is identified with
AF followed by a letter and number (e.g., AFB1). Following
AT or AF, letters and numbers are used to identify the se-
quence of units, with BA^ as the youngest grouped sequence
followed by BB^ and B1^ as the youngest unit in group follow-
ed by B2^. On the basis of previous studies, the geological and
hydrogeological units as well as the predominant materials in
each unit are summarized in Table 3. Other units identified
within the moraine are not included in this study because they
are deposited outside the study area.
This study focuses on analyzing the hydraulic properties of
the shallow aquifer (AFB2) underlying the Mannheim East
Well Field. According to the conceptual hydrogeological
model of the Waterloo Moraine built by Bajc and Shirota
(2007), AFB2 is mainly recharged from distant outcrops with-
in the moraine. In this study area, ATB1 is a thin and patchy
aquitard, while AFB1 is an unconfined aquifer with consider-
able recharge from precipitation that appears only in the core
area of the moraine (Bajc and Shirota 2007). ATB2 is a thin
aquitard with low hydraulic conductivity (K) and is known to
separate AFB2 and AFB1 in most of the study area. AFB2 is a
laterally extensive confined aquifer comprised of mainly of
fine sands and some gravels, which results in relatively high
K. Beneath the AFB2 aquifer, the lower Maryhill Till is des-
ignated as ATB3. The K of ATB3 is extremely low, but is
continuous across the Mannheim East well field. As a result,
AFB2 can be treated as a confined aquifer bounded by ATB2
and ATB3.
Data used for analysis
A subset pumping/injection rate records from 13 water-supply
boreholes (K21, K25, K29, K91, K92, K93, K94, ASR1,
ASR2, ASR3, ASR4, RCW1, and RCW2) and water-level
records from 14 monitoring boreholes (ow2-09, ow1-10,
ow3-85, ow5a-89, ow8a-89, ow10a-89, ow1d-96, ow2b-96,
ow1a-02, ow2a-02, ow3a-02, ow5-02, ow1-08, and ow4-09)
is obtained from the WRAS+ database (Regional
Municipality of Waterloo 2014). Analyses presented in this
paper incorporates all of these pumping/injection rates and
monitoring data.
Fig. 2 Cross-sections of the study area (see Fig. 1c), based on the hydrogeological model built with available borehole logs
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Pumping/injection rate records in K- and ASR- series bore-
holes are utilized from January 1, 2005 to December 31, 2013,
while records associated with boreholes RCW1 and RCW2
include daily pumping/injection rates from May 1, 2005 to
December 31, 2013. These durations are selected based on
the continuity and frequency of recorded data in the database.
It is important to note that pumping/injection rates in these
water supply boreholes are not constant. Instead, they vary
frequently in most boreholes. Within the selected period, the
daily pumping/injection rate in K- and ASR- series boreholes
varied 3,287 times, while it varied 3,136 times in the RCW-
series boreholes.
Water levels are recorded as elevation in the WRAS+
database, and these data are processed to remove baromet-
ric effects prior to its inclusion into the database. Selected
simulation periods as well as monitoring points associated
with each monitoring borehole are summarized in Table S1
of the electronic supplementary material (ESM). Within
the selected periods, water levels in monitoring boreholes
are continuously recorded every 5 min, and data recorded
at the beginning of each day (12:00 am) are extracted and
utilized in this study.
The pumping/injection rate records in water-supply bore-
holes that were utilized in the analysis go back several years
prior to the water-level variation data in the monitoring bore-
holes. Unlike traditional pumping tests, the approach present-
ed here aims to estimate hydraulic properties with existing
water-supply pumping and unknown initial heads of ground-
water. By including prior pumping records, a value of ini-
tial head that represents the static-state water level in the
monitoring borehole at the beginning of pumping records
(several years prior to the first monitoring point) can be
estimated. It should be noted that this estimated value does
not reflect real conditions. Instead, it is a value obtained to
simulate water-level fluctuations in monitoring boreholes
with known pumping/injection records and provides the
optimal matching between simulated and monitored
water-level data.
Methodology
The long-term water-supply pumping and water-level records
are analyzed with an automatic calibration approach devel-
oped by Harp and Vesselinov (2011). In particular, the ap-
proach fingerprints transient water-level variations in monitor-
ing boreholes to transient pumping rate changes in individual
water-supply boreholes based on a simple analytical model,
and hydraulic properties (T and S) are estimated through au-
tomatic calibration. The simulation of pumping-induced
drawdowns in monitoring boreholes is performed using the
computer codeWELLS (Mishra and Vesselinov 2011), which
includes several analytical solutions for confined, leaky-con-
fined, and unconfined aquifers to simulate water-level chang-
es withmultiple water-supply boreholes and variable pumping
rates. The calibration of WELLS is performed using PEST
(Doherty 2005).
The reason for utilizing the WELLS code is that this for-
ward model is suitable for analyzing the responses of multiple
water supply boreholes in the study area, in which the
pumping/injection rates vary continuously over time. The
working principles of WELLS is presented in Harp and
Vesselinov (2011). In this study, the Theis (1935) solution
(Eq. 1) modified to consider variable pumping/injection rates
and multiple water-supply boreholes through the principle of
superposition (Eq. 2) is utilized.























where sp(t) is the pumping induced drawdown at time t, N is
the number of water supply boreholes, Mi is the number of
pumping records for water-supply borehole i, Qi,j is the
pumping rate of the i-th borehole during j-th pumping record,
ri is the distance between the monitoring borehole and i-th
Table 3 Nomenclature of geologic and hydrogeologic units of the upper Waterloo Moraine
OGS layer name Refined hydrostratigraphic unit Interpreted units Predominant materials
Historical OGS
ATB1 Aquitard 1 Upper Maryhill Till Upper Maryhill Till Silty to clayey till
Port Stanley Till Port Stanley Till
AFB1 Aquifer 1 Stratified sediments Upper Waterloo Moraine stratified
sediments and equivalents
Mainly fine sand, some gravel
ATB2 Middle Maryhill Till and equivalents Silty to clayey till, silt, clay
AFB2 Middle Waterloo Moraine stratified
sediments and equivalents
Mainly fine sand, some gravel
ATB3 Aquitard 2 Lower Maryhill Till Lower Maryhill Till Silty to clayey till
Refined hydrostratigraphic units are defined by Terraqua Investigations Inc. (1995). Ontario Geological Survey (OGS) units are defined by the work
completed by Bajc and Shirota (2007)
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water-supply borehole, and tQi,j is the time when borehole i
changes its pumping rate to the j-th pumping period.
Furthermore, Ti and Si refer to the transmissivity and
storativity, respectively, associated with pumping influences
Fig. 3 Matches between monitored and simulated water-level fluctuations in each monitoring borehole. The red curve in each plot shows simulated
water levels, while the blue curve indicates monitored water levels
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of the i-th water-supply borehole on an individual monitoring
borehole.
Other than simulating pumping induced drawdowns in
monitoring boreholes, an additional drawdown that is not at-
tributed to pumping is identified in the WELLS code. This
portion is called the temporal trend of water-level change
and calculated using a linear equation:
st tð Þ ¼ t−t0ð Þ  m ð3Þ
where st(t) is the trend drawdown at time t, t0 is the time at the
beginning of pumping records and m is the linear slope pa-
rameter of the temporal trend.
In order to be consistent with the calibration targets of
water elevation, the WELLS code calculates the predicted
water elevation [h(t) ] using:
h tð Þ ¼ h0−sp tð Þ−st tð Þ ð4Þ
where h0 refers to the predicted water elevation in the moni-
toring borehole at the beginning of pumping records, instead
of the first monitoring point used in simulation. The estima-
tion of h0 is achieved by including the pumping records prior
to the commencement of water-level records in monitoring
boreholes, as described earlier in the section ‘Data used for
analysis’.
Next, the rationale for utilizing the Theis (1935) solution
for the analysis of the dataset is discussed. First, as described
previously, the AFB2 aquifer is a nearly confined aquifer that
is bounded by extremely low K aquitards ATB2 and ATB3 in
most of the study area. Although the ATB2 layer is found to be
quite thin and hard to identify at some locations, it neverthe-
less plays an important role in preventing leakage from the
overlying unconfined aquifer AFB1. Second, based on the
geological logs of the selected 13 water-supply and 14 mon-
itoring boreholes, the thickness of AFB2 ranges from approx-
imately 12m in the northeast of the study area to approximate-
ly 40 m in the southwest of the study area. Although the
geometry of the aquifer AFB2 does not strictly satisfy the
uniform thickness assumption of the Theis (1935) solution,
this aquifer is found to be laterally extensive throughout the
core area of the Waterloo Moraine with a lower impermeable
boundary situated approximately at the same elevation
(around 318 masl). Furthermore, the resulting good matches
between the simulated and monitored water levels show that
the Theis (1935) solution is adequate for the analysis present-
ed in this paper.
The fact that both water-supply and monitoring boreholes
partially penetrate the AFB2 aquifer is also considered. In




















































































































































































































































































5 Fig. 4 Scatterplots of simulated versus monitored drawdowns in
monitoring boreholes. The green line is the linear model fit, while the
black solid line is the 45° line
b
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drawdowns and whether the Theis (1935) solution could be
applied for the analysis of water-level records, the following









where r is the distance between monitoring and water-supply
boreholes [L], m is thickness of the confined aquifer [L], and
Kv and Kh represent vertical and horizontal hydraulic conduc-
tivities [L/T], respectively. Some assumptions are made in this
case to obtain the x values between each monitoring and water
supply borehole: (1) the thickness of the AFB2 aquifer is
uniform throughout the study area and equals 20 m; (2) the
confined aquifer is isotropic with approximately the same Kv
and Kh values. Therefore, x values are mainly dependent on
the distance between monitoring and water-supply boreholes.
According to Hantush (1964), when x is larger than 1.5, the
effect of partial well penetration can be neglected and the
Theis (1935) solution is applicable. The effect of partial pen-
etration is examined for 182 pairs of water-supply and moni-
toring boreholes, and the calculated x values are provided in
Table S2 of the ESMBased on this calculation, it can be found
that the partial penetration effect can be neglected in most
water-supply and monitoring borehole pairs (159 out of 182).
Finally, the Theis (1935) model is the simplest analytical
solution, and this minimally parameterized analytical model
can be applied to large data sets for a proof-of-concept study.
Although utilizing the Theis (1935) solution may fail to result
in a good match between simulated and observed drawdowns
in some monitoring boreholes, it can still be used to generate
information on drawdown responses within the aquifer and
verify whether these long-term records are amenable to anal-
ysis or not. Furthermore, it should bementioned that the use of
an analytical solution is considered to be the first step in build-
ing a more realistic groundwater model using the same data
sets. Due to the heterogeneity of the aquifer-aquitard system, a
more complete study will have to involve a numerical model
that considers the complex geometry of the glacial deposits.
Results and discussion
Overall simulated results
In this study, water-level fluctuations at all 14 monitoring
boreholes are simulated individually. That is, water-level fluc-
tuation data in each monitoring borehole are calibrated indi-
vidually by considering pumping/injection rate variations at
all water-supply boreholes. Figure 3 shows the match between
monitored (blue curves) and simulated (red curves) water-
level fluctuation data expressed as elevation in each monitor-
ing borehole. Most of the fits are very good to excellent;
however, the rapid changes of water level in some monitoring
boreholes (e.g. ow5a-89, ow10a-89, ow1a-02, ow3a-02, ow1-
08, and ow4-09) are not fully captured by the model. As illus-
trated in Fig. 1c, these boreholes are installed close to the
water-supply borehole. One reason for the failure in capturing
the rapid changes in water levels may be due to the lack of
consideration of the partial penetration effect by the Theis
(1935) solution, although this does not apply to all monitoring
boreholes (e.g., ow1d-96 and ow2b-96). Another more likely
reason may be the presence of high K pathways between
monitoring boreholes (ow5a-89, ow10a-89, ow1a-02, ow3a-
02, ow1-08, and ow4-09) and water-supply boreholes (K91,
K93, ASR2, ASR3, ASR4, and RCW2); however, with the
use of the Theis (1935) solution for the first-cut analysis, the
cause of discrepancies between the simulated and monitored
water-level variations is not investigated more completely at
this time.
In order to assess the simulated results, drawdown values
are obtained on the basis of estimated h0. Then, the mean
absolute error (L1), mean square error (L2), as well as the
correlation coefficient (R) are computed to quantitatively an-
alyze the discrepancy and correspondence between the simu-





























where n is total number of monitoring points, sl and ŝl indicate
l-th simulated and monitored drawdowns, respectively, while
μs and μŝ are mean values of simulated and monitored
drawdowns, respectively. Table 4 summarizes the L1, L2,
and R values corresponding to each monitoring borehole.
The results show that all analyzed monitoring data have a
high correspondence between simulated and monitored
drawdowns, while relatively large L1 and L2 values and
small R values are calculated at boreholes where rapid
Fig. 5 Decomposition results associated with monitoring well ow8a-89.
a Water-level elevation and water-supply boreholes K21–K94, b water-
supply boreholes ASR1 to RCW2 and temporal trend. In the first plot, the
red curve shows simulated water-level elevation, while the blue curve
indicates monitored water levels. In the pressure decomposition plots
(K21 to RCW2), green curves show pumping or injection rates in water-
supply boreholes, while red curves indicate corresponding drawdown
contributions from associated water-supply boreholes. The last plot
shows the temporal trend of water-level change over time
b
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changes of water level are not fully captured by the Theis
(1935) solution.
Furthermore, the scatterplots of simulated versus moni-
tored drawdowns (Fig. 4) are utilized to qualitatively assess
the model calibration results. In each plot, pairs of simulated
and corresponding monitored drawdowns are expressed as red
dots, the black line is the 45° line, the green line is the fit of the
linear model to the data, and the formula of the linear model is
Fig. 5 (continued)
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provided at the bottom of each subplot. The scatterplots pro-
vide visual information of the spatial distribution of model
calibration errors within the model domain, and they are com-
monly used to qualitatively evaluate these errors. As shown in
Fig. 4, it can be observed that data points are clustered around
the 45° line in all scatterplots, and the trend lines approximate-
ly overlap the 45° line in most plots with the slope of the linear
model approximately equal to one with minimal bias. These
results indicate that the Theis (1935) solution adequately cap-
tures the drawdown behavior at monitoring boreholes when
the data are analyzed individually.
Decomposition of pumping influences
Pumping/injection records from 13 water-supply boreholes
are integrated when simulating water fluctuations in each
monitoring borehole. The decomposition of pumping/
injection influences is achieved by automatically fitting the
superposition of contribution drawdown from each water-
supply borehole to monitored drawdowns. Figure 5 shows
the decomposition of pumping/injection influences in moni-
toring borehole ow8a-89, while the decomposition results for
the other 13 monitoring boreholes are provided in Figs. S1–
S13 of the ESM. Each of these figures consists of 15 subplots:
(1) the top plot illustrates the simulated and monitored water
levels in each monitoring borehole; (2) the next 13 plots are
the simulated drawdown contributions (red curves) from indi-
vidual water-supply boreholes, as well as their associated
pumping/injection records (green curves) (for ASR-series
boreholes, negative pumping rates indicates injection, while
negative drawdown values indicate water level rise), and (3)
the bottom plot is the temporal trend of hydraulic head in each
monitoring location identified by the WELLS code.
Examination of Fig. 5 reveals that water-level fluctuation in
each monitoring borehole is found to be dominated by the
pumping regimes of water-supply boreholes that are installed
within the same subdivided well site [e.g. the water level in
ow8a-89 (Fig. 5) is mainly controlled by the K90-series bore-
holes installed within the Peaking well site]. The contribution
drawdowns from water-supply boreholes outside of the
subdivided well site are commonly small in magnitude and
not very sensitive to the corresponding pumping/injection rate
changes. These results indicate that pressure propagation may
be compartmentalized within the three subdivided well sites.
The decomposition of pumping/injection influences in
monitoring boreholes provides fundamental insights to
how pressure responses travel through the confined aqui-
fer. However, additional studies such as confirmation dril-
ling and inverse modeling of the same dataset with a nu-
merical groundwater model that realistically considers the
complexities of the multi-aquifer/aquitard system includ-
ing their heterogeneity are necessary to substantiate this
finding.
Estimated hydraulic properties
The pumping/injection rate variations due to 13 water-supply
boreholes are decomposed for each monitoring borehole, and
a set of T and S is estimated between each monitoring and
water-supply borehole. These estimated T and S values are
summarized in Tables 5 and 6, respectively. A dash in these
two tables indicates omitted parameters obtained from negli-
gible contribution drawdowns (between −0.01 and 0.01 m),
which may lead to erroneous determination of hydraulic
propert ies between monitoring and water-supply
boreholes. Similar findings were reported in Harp and
Vesselinov (2011), and large estimated T and S values
(i.e., T > 105 m2/day and corresponding S values varying from
0.03 to 10) obtained via calibration are considered to be unre-
alistic and not included in Tables 5 and 6. The remaining
T estimates range from 9 to 55,335 m2/day with a geometric
mean of 1,964.99 m2/day, while S ranges from 0.002 to 0.736
with a geometric mean of 0.081. The wide range of estimated
hydraulic parameters suggests that this aquifer is highly
heterogeneous; however, in order to capture this heterogene-
ity, 3D inverse modeling of water-level fluctuations that treats
the aquifer to be heterogeneous is necessary.
Table 7 summarizes the T and S estimates obtained from
previous aquifer tests and are compared to the geometric
mean values from this study. Although the estimated T and
S vary quite widely in most water-supply boreholes, their
geometric means are within the same order of magnitude
and similar to those obtained from previous aquifer tests
(Trow Dames & Moore 1990; CH2MILL and Papadopulos
Associates 2003; CH2M HILL 2003).
The estimation of T and S in this study is achieved by
fingerprinting transient water-level variations in monitoring
boreholes to transient pumping/injection rate changes in
water-supply boreholes, and they are conceptually similar to
parameters that are obtained from dedicated pumping tests
using the Theis (1935) solution (Harp and Vesselinov 2011).
Basically, these hydraulic parameters can be used to charac-
terize the water-level variations at a monitoring location when
operating a water-supply borehole; however, they cannot be
considered as accurate estimates due to the limitation of the
assumptions implied in the Theis (1935) solution. Instead,
Harp and Vesselinov (2011) consider such estimates as
interpreted hydraulic parameters (Sanchez-Vila et al. 2006)
and point out that these parameters should not be confused
with effective or equivalent parameters.
Validation of T and S estimates
Next, the estimated hydraulic properties from each water-
supply and monitoring borehole pair are validated through
predictions of drawdowns in nearby monitoring boreholes.
In particular, 13 pairs of T and S estimates from ow8a-89 as
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well as their geometric mean are utilized individually for for-
ward simulations of water-level fluctuations in monitoring
boreholes ow3-85, ow5a-89, and ow10a-89 at the Peaking
well site. In each forward simulation, 13 water-supply bore-
holes and the same pumping/injection records from the cali-
bration effort are utilized. Due to the lack of information of
initial heads in monitoring boreholes, water-level variation
instead of water elevation is used for comparison purposes.
In this case, the first simulated or monitored water-level data is
applied as the datum point, and water-level variations are
computed as the differences between this datum value and
the simulated or monitored water-level data.
Figure 6 shows the scatterplots of simulated and monitored
water-level variations in monitoring borehole ow5a-89, while
the forward simulation results associated with the other two
boreholes (ow3-85 and ow10a-89) are provided in Figs. S14
and S15 of the ESM. Each plot in these figures corresponds to
the use of a set of T and S estimated from borehole ow8a-89
and the corresponding water-supply boreholes are labeled on
the top of each plot. On the basis of these results, it can be
observed that water-level variations in nearby monitoring
boreholes are poorly simulated when utilizing most individual
T and S estimates obtained from borehole ow8a-89. This sug-
gests that T and S estimates from individual pumping and





ow1-08 ow2a-02 ow2b-96 ow1d-96 ow3a-02 ow5-02 ow4-09 ow1a-02 ow3-85 ow5-89 ow8-89 ow10-89 ow2-09 ow1-10
K21 646 655 571 612 918 1,563 789 1,786 525 2,084 887 991 587 1,016
K25 24,044 601 2,173 536 1,589 4,345 12,445 989 689 9,550 8,610 4,416 55,335 8,974
K29 818 800 5,224 959 897 4,581 3,673 6,266 670 486 461 530 - 643
K91 2,186 9,078 9,594 15,704 11,429 7,656 12,764 5,508 644 2,046 1,742 3,357 350 133
K92 7,780 7,178 9,528 8,954 9,057 8,279 5,129 10,740 3,243 2,193 3,936 533 4,121 1,178
K93 2,218 2,099 3,048 1,384 966 3,690 4,236 1,321 982 1,986 1,832 2,415 2,280 1,614
K94 630 993 1,023 1,047 1,435 2,173 1,074 456 9,727 624 618 1,936 1,589 1,052
ASR1 5,470 2,443 2,716 4,955 966 2,489 2,685 3,236 - 2,339 2,972 4,416 5,284 889
ASR2 2,618 11,041 8,610 5,483 4,256 4,581 - 1,652 - 5,070 3,733 1,069 - 667
ASR3 716 34,834 11,324 28,510 2,655 14,997 - - - 4,130 5,572 692 6,622 226
ASR4 948 495 474 501 873 476 689 861 524 540 234 87 281 9
RCW1 968 1,581 5,272 1,140 1,854 1,340 2,404 1,535 450 1,556 16,069 484 2,339 5,984
RCW2 5,082 1,374 986 1,633 1,535 13,366 2,148 2,382 3,428 3,365 1,109 820 5,495 3,673
Dash indicates omitted T values





ow1-08 ow2a-02 ow2b-96 ow1d-96 ow3a-02 ow5-02 ow4-09 ow1a-02 ow3-85 ow5-89 ow8-89 ow10-89 ow2-09 ow1-10
K21 0.086 0.017 0.144 0.122 0.135 0.194 0.394 0.137 0.361 0.032 0.042 0.069 0.067 0.042
K25 0.078 0.206 0.232 0.135 0.282 0.040 0.077 0.194 0.150 0.040 0.006 0.068 0.136 0.037
K29 0.092 0.272 0.048 0.203 0.233 0.017 0.089 0.076 0.100 0.120 0.074 0.058 - 0.065
K91 0.512 0.101 0.058 0.075 0.042 0.046 0.092 0.028 0.121 0.028 0.059 0.467 0.100 0.191
K92 0.194 0.143 0.078 0.119 0.074 0.058 0.060 0.038 0.321 0.046 0.038 0.061 0.221 0.166
K93 0.051 0.084 0.104 0.050 0.052 0.069 0.366 0.050 0.065 0.155 0.085 0.002 0.132 0.206
K94 0.066 0.042 0.084 0.059 0.082 0.094 0.028 0.153 0.520 0.059 0.105 0.043 0.108 0.077
ASR1 0.119 0.047 0.058 0.026 0.128 0.047 0.083 0.036 - 0.078 0.096 0.119 0.273 0.020
ASR2 0.736 0.082 0.124 0.042 0.036 0.074 - 0.009 - 0.211 0.289 0.094 - 0.072
ASR3 0.357 0.064 0.075 0.036 0.007 0.066 - - - 0.239 0.257 0.160 0.426 0.042
ASR4 0.282 0.079 0.065 0.087 0.121 0.038 0.042 0.033 0.043 0.068 0.042 0.026 0.040 0.022
RCW1 0.060 0.179 0.017 0.086 0.034 0.060 0.228 0.035 0.096 0.373 0.148 0.096 0.084 0.038
RCW2 0.058 0.226 0.159 0.215 0.058 0.030 0.008 0.049 0.082 0.424 0.077 0.029 0.134 0.217
Dash indicates omitted S values
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monitoring boreholes when the aquifer is treated to be uniform
may not be the best estimate to predict drawdowns at other
locations (e.g., Wu et al. 2005; Berg and Illman 2015).
Also, the mean absolute error (L1), mean square error (L2),
and correlation coefficient (R) are computed here to quantita-
tively assess forward simulation results utilizing Eqs. (6)–(8).
Table 8 summarizes the L1, L2, and R values, and their corre-
sponding arithmetic means of L1 and L2. The results reveal
that the R value is relatively high and does not vary signifi-
cantly, while the L1 and L2 values vary quite widely.
Relatively small L1 and L2 values are in italic in Table 8,
implying low discrepancy between simulated and monitored
water-level variations. These forward simulation results indi-
cate that Bselected^ T and S estimates may better represent
hydraulic properties of the aquifer; however, it has to be kept
in mind that one does not know a priori which T and S esti-
mates would be most robust in predicting other drawdown
inducing events. This is in line with the conclusion reached
by Wu et al. (2005) and Berg and Illman (2015) who both
have shown that traditional pumping tests that treat the aquifer
to be homogeneous generally yield biased hydraulic parame-
ters that cannot be used in accurately predicting drawdowns
from other pumping tests. This is because homogeneous Tand
S estimates obtained from analytical solutions are only repre-
sentative of the aquifer between the pumping and monitoring
boreholes as pointed out by Wu et al. (2005); hence, draw-
down data from multiple boreholes and aquifer stressing
events need to be jointly interpreted using a suitable inverse
model that considers the medium to be heterogeneous.
Trend decline of water level
Beyond the decomposition of pumping/injection influences
and estimation of hydraulic properties, a trend decline in the
water level not attributed to the influence of pumping/
injection is also identified by theWELLS. The results indicate
that a relatively significant decline in water level is identified
at boreholes ow2b-96 (0.164 m/year), ow1a-02 (0.055 m/year),
ow3a-02 (0.149 m/year), ow5-02 (0.159 m/year), ow1-08
(0.085 m/year), ow4-09 (0.191 m/year), and ow1-10 (0.071
Table 7 Transmissivity (T) and storativity (S) estimates obtained from previous aquifer tests conducted at the Mannheim East Well Field utilizing
different analytical solutions, as well as the geometric means of T and S obtained in this study
Well site Water-supply boreholes Values obtained from previous aquifer tests Geometric means obtained in this study
T (m2/day) S Test method T (m2/day) S
Mannheim Easta K21 1,373 NA Cooper and Jacob (1946) 882 0.093
1,500 0.07 Theis (1935)
K25 6,061 NA Cooper and Jacob (1946) 3,884 0.085
5,200 0.064 Theis (1935)
8,700 0.13 Distance-drawdown
Peakingb K91 1,318 0.18 Distance-drawdown 3,070 0.089
K92 1,976 0.07 Distance-drawdown 4,507 0.092
K93 1,976 0.06 Distance-drawdown 1,961 0.07
K94 1,581 0.12 Distance-drawdown 1,197 0.081
ASRc ASR1 5,630 0.16 Cooper and Jacob (1946) 2,761 0.069
ASR2 1,090 NA Cooper and Jacob (1946) 3,348 0.09
1,770 0.04 Theis (1935)
1,200 0.2 Distance-drawdown
ASR3 3,040 NA Cooper and Jacob (1946) 4,224 0.094
2,180 0.04 Theis (1935)
1,590 0.2 Distance-drawdown
ASR4 1,170 NA Cooper and Jacob (1946) 349 0.055
5,710 0.06 Theis (1935)
1,280 0.22 Distance-drawdown
RCW1 3,230 NA Cooper and Jacob (1946) 1,871 0.080
2,890 0.006 Neuman (1974)
3,000 0.2 Distance-drawdown
RCW2 2,900 NA Cooper and Jacob (1946) 2,430 0.083
1,140 0.09 Distance-drawdown
a CH2M HILL and Papadopulos Associates 2003
b Trow Dames & Moore 1990
c CH2M HILL 2003
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Fig. 6 Scatterplots of simulated
versus monitored water-level
variations in monitoring borehole
ow5a-89 when utilizing the T and
S estimates from borehole
ow8a-89 for forward simulation.
The green line is the linear model
fit, while the black solid line is the
45° line
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m/year) during the simulated periods. Most of these boreholes
are constructed at the ASRwell site, while only one monitoring
borehole (ow1-10) is located to the north of theMannheim East
well site. The distribution of the identified trend decline is found
to be irregular instead of concentrated in a certain area. This
trend decline might be caused by several sources such as: (1)
reduced local recharge, (2) additional operating water supply
boreholes, or (3) other drawdown-inducing activities in the
study area. In particular, the trend decline of water level at the
ASRwell site may be attributed to additional drawdown caused
by nearby sources of groundwater withdrawals. In fact, a quarry
is located approximately 300 m south to the ASR well site. At
the present moment, the effects of this quarry on the water
levels in the study area are unknown and need to be studied
further.
Overall, the analysis presented in this paper reveals that
long-term pumping and water-level variation records at the
Mannheim East site are amenable to analyses with the Theis
(1935) solution. At a municipal well field, pumping/injection
rates of numerous water-supply/recharge boreholes can fluc-
tuate significantly over the operational period. Therefore, var-
iable pumping/injection rates of multiple boreholes must be
considered in parameter estimation of aquifer properties. The
WELLS code based on analytical pumping test solutions as
described in Harp and Vesselinov (2011) renders the analyses
of water-level fluctuations resulting from municipal well field
operations possible. While analytical solutions are simple and
elegant, this study suggests that a more sophisticated numer-
ical groundwater model is required to capture the complexities
of groundwater flow and water-level fluctuations in this high-
ly heterogeneous glacial multi-aquifer/aquitard system. Such a
groundwater model can then be utilized for parameter estima-
tion to delineate the subsurface heterogeneity in hydraulic
parameters. The creation of a more comprehensive groundwa-
ter model that is automatically calibrated with available data
from municipal well fields should lead to improved optimiza-
tion of operations and better policy decisions.
Summary, findings and conclusions
This paper presents the analyses of existing long-term
pumping/injection and water-level records from a municipal
well field in a complex multi-aquifer/aquitard system utilizing
an approach proposed by Harp and Vesselinov (2011). The
approach estimates homogeneous hydraulic properties of the
aquifer in well fields consisting of multiple water-supply bore-
holes operating with rapidly varying pumping/injection rates.
The fundamental principle behind this approach is the decom-
position of pumping influences in monitoring boreholes and
fingerprinting drawdown contributions to individual water-
supply boreholes through the use of an analytical model.
Here, a subset of pumping and water-level records from the
Mannheim East Well Field provided by the Region of
Table 8 The mean absolute error (L1), mean square error (L2), and correlation coefficient (R) between simulated and monitored water-level variations
in three nearby monitoring boreholes when utilizing each T and S set and their geometric means obtained from borehole ow8a-89
Statistic Water-supply boreholes Geometric mean
K21 K25 K29 K91 K92 K93 K94 ASR1 ASR2 ASR3 ASR4 RCW1 RCW2
Monitoring borehole ow3-85
L1 0.823 0.264 0.676 0.323 0.223 0.195 0.371 0.165 0.274 0.300 1.606 0.363 0.371 0.220
L2 0.876 0.112 0.779 0.139 0.079 0.056 0.232 0.043 0.118 0.147 4.564 0.218 0.177 0.072
R 0.916 0.610 0.963 0.895 0.797 0.916 0.963 0.893 0.947 0.920 0.962 0.806 0.939 0.897
Monitoring borehole ow5a-89
L1 0.896 0.411 1.100 0.265 0.272 0.174 0.657 0.237 0.350 0.403 2.575 0.518 0.437 0.184
L2 1.305 0.348 2.946 0.100 0.138 0.049 1.055 0.104 0.276 0.376 16.611 0.603 0.316 0.054
R 0.961 0.832 0.97 0.955 0.922 0.961 0.970 0.954 0.967 0.961 0.970 0.921 0.966 0.956
Monitoring borehole ow10a-89
L1 0.744 0.423 1.084 0.261 0.342 0.202 0.675 0.294 0.373 0.423 2.557 0.507 0.362 0.224
L2 1.000 0.387 2.772 0.095 0.193 0.067 0.992 0.167 0.357 0.462 16.259 0.676 0.233 0.075
R 0.953 0.857 0.953 0.951 0.933 0.953 0.953 0.950 0.954 0.953 0.953 0.932 0.954 0.951
Arithmetic mean
L1 0.834 0.342 0.894 0.292 0.261 0.189 0.523 0.212 0.317 0.357 2.106 0.442 0.393 0.208
L2 1.046 0.241 1.874 0.118 0.119 0.056 0.649 0.086 0.214 0.281 10.750 0.431 0.235 0.066
R 0.943 0.766 0.962 0.934 0.884 0.943 0.962 0.932 0.956 0.945 0.962 0.886 0.963 0.934
The arithmetic means of L1 and L2 associated with each T and S set are listed at the bottom. Italicized numbers highlight the relatively low L1 and L2
values (L1 < 0.25 and L2 < 0.1)
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Waterloo in Waterloo, Ontario, Canada is analyzed, and
water-level variations from a total of 14 monitoring bore-
holes are simulated individually by incorporating
pumping/injection rate records of 13 water-supply bore-
holes in each simulation. The Theis (1935) solution is ap-
plied as the analytical model, and a set of transmissivity (T)
and storativity (S) is obtained between each monitoring
and water-supply boreholes by calibrating the analytical
model. The estimated T and S values are first compared
to results from previous aquifer tests conducted in the area
showing good agreement. These values are then validated
through simulation of water-level variations in nearby
monitoring boreholes. The analysis presented in this work
leads to the following major findings and conclusions:
1. The results reveal that long-term pumping/injection rates
and corresponding water-level records from municipal
well fields can be utilized to estimate hydraulic parame-
ters such as T and S between water-supply and monitoring
boreholes. The estimated hydraulic parameters are com-
parable to those estimated from previously conducted
pumping tests. An important conclusion of this study is
that these data should also be amenable to analysis with a
more sophisticated numerical inverse model that treats the
aquifer to be heterogeneous. Consideration of heteroge-
neity should yield more accurate aquifer parameters and
ultimately lead to improved predictions of groundwater
flow. Such a study should be attempted in the future.
2. Although the rapid water-level variations in some moni-
toring boreholes are not accurately captured by the Theis
(1935) solution, it nevertheless captured the water-level
fluctuations in virtually all monitoring boreholes quite
well.
3. The geometric means of hydraulic parameters estimated
from a single monitoring borehole with pumping/
injection taking place at neighboring water-supply bore-
holes may be useful in predicting drawdowns at nearby
monitoring boreholes. Therefore, they may be more rep-
resentative for existing water supply pumping/injection
operations in comparison to values obtained from dedicat-
ed pumping tests that are typically conducted at a smaller
scale.
4. Analyses of pressure decomposition plots provide funda-
mental insights into the pressure response of this investi-
gated aquifer. The decomposition results indicate that
three subdivided well sites in the Mannheim East Well
Field may consist of different hydrogeologic conditions,
and pressure propagation among them is compartmental-
ized. However, more monitoring locations and the analy-
sis of data with more robust methods (e.g., hydraulic to-
mography) is suggested in order to analyze the influence
area of water supply boreholes as well as heterogeneity
within the aquifer using the same datasets.
5. Long-term decline in water levels are inferred from the
analysis at some monitoring boreholes, and most of these
boreholes are located at the ASR well site. The cause of
this decline may be attributed to the withdrawals of
groundwater that are not accounted for in this analysis
(e.g., nearby quarries and private boreholes), but addition-
al investigations are required to identify the sources that
are causing this decline.
6. Finally, the analysis present in this paper provides funda-
mental insights into the drawdown responses of an aquifer
subjected to complex pumping/injection regimes and has
provided estimates of hydraulic parameters. While these
parameters may be useful for a first-order analysis of aqui-
fer responses, more sophisticated groundwater models
should be calibrated to accurately characterize aquifer
properties and their spatial variability utilizing the same
datasets. More accurate hydraulic properties, their spatial
variability and connectivity should lead to more accurate
groundwatermodels which can be used tomake improved
predictions of drawdowns in municipal well fields, which
in turn will lead to better policy decisions.
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